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A B S T R A C T

Trait-based approaches can provide a generalizable mechanistic understanding of complex post-disturbance
succession dynamics of plant communities. Much of our knowledge regarding successional trajectories of
functional trait composition come from observations of natural disturbances that leave physical and biological
legacy on site for self regeneration. We lack, however, understanding of the long-term recovery in severely
degraded lands following reclamation through active revegetation. To address this gap, we examined changes in
trait composition of forest understory plant communities in reclaimed oil and gas wellsites using chronosequence
data (7–48 years since reclamation) to assess recovery towards that of post-harvest and natural post-fire re-
ference forest sites. We used multiple traits associated with resource acquisition (e.g., fast growth) and per-
formance ability metrics (e.g., shade-tolerance) with putative environmental factors to evaluate the trait-en-
vironment relationships underlying plant community recovery in reclaimed sites. We found an overall
directional change in functional composition with time since reclamation towards that observed in reference
sites, but even older reclaimed sites remained significantly different from reference sites. This could be related to
differential trajectory patterns among traits where some trait values progressed towards those of reference (long-
distance dispersal by wind decreased with time since reclamation) whereas some fast-resource acquisition traits
and exotic species showed no change and remained dominant in older reclaimed sites. The strong link between
traits and environment suggests a significant influence of time and subsequent developing site conditions (e.g.,
canopy cover) as well as enduring legacies of wellsite operation/reclamation (e.g., high soil bulk density and
exotic species) on functional composition. Knowledge of functional composition trajectories in severely de-
graded ecosystems, such as wellsites, could improve our understanding of recovery processes and inform more
effective reclamation practices by identifying putative underlying environmental factors and specific ecological
attributes that may delay successful recovery.

1. Introduction

The investigation of ecological succession, i.e., how the plant
community changes over time following natural and anthropogenic
disturbances, and the underlying biotic and abiotic factors has been a
long standing pursuit of ecology (Connell and Slatyer, 1977; Pickett
et al., 1987; Drake, 1990; Azeria et al., 2011; Meiners et al., 2015).
Understanding these underlying factors and the processes that drive
succession also has practical implications in restoration and reclama-
tion practices (Aide et al., 2000; Young et al., 2005), including assessing
recovery of degraded ecosystems (Young et al., 2005) and developing
better restoration/reclamation practices to restore/reclaim natural
ecosystems (Lohbeck et al., 2017). Much of this understanding has been

generated by studying changes in species composition and richness
(Wortley et al., 2013). However, in recent years, there has been an
increasing emphasis on using information beyond species identity to
also consider functional attributes of ecological communities as a basis
to assess successional trajectories (Meiners et al., 2015) and restoration
targets (D’Astous et al., 2013; Laughlin, 2014). Trait-based assessments
can provide a generalizable and integrated indicator of ecological status
(Gondard et al., 2003; McGill et al., 2006; Violle et al., 2007) and can
be indicative of ecosystem functioning (Lavorel and Garnier, 2002; Diaz
et al., 2004; de Bello et al., 2010; also see Funk et al., 2017).

Studies of succession following natural disturbances have revealed
general changes in community functional traits (Kumordzi et al., 2015)
and convergence towards pre-disturbance condition (Turner et al.,
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1998; Roberts, 2004; Hart and Chen, 2006). The early-successional
stage is generally dominated by species that possess a core set of traits
(i.e., syndrome) such as fast growth, short life span, abundant seed
production and light-demanding (i.e., shade intolerant) (e.g., Huston
and Smith, 1987). These traits can be collectively referred to as fast-
resource acquisition traits. This trait syndrome is best suited to early
post-disturbance conditions when nutrient and light availability is high
(Reich, 2014). In later successional stages, assemblages become in-
creasingly dominated by slower growing species with longer life spans,
extensive root systems, production of a few large seeds and shade tol-
erance (Grime, 1977; Grime et al., 1997; Reich, 2014). This trait syn-
drome enhances resource conservation or resource-use efficiency and
competitive ability. Such a deterministic view of succession assumes
that environmental filtering acts upon the various traits available in the
regional species pool and selects species with ecological traits that
confer fitness within a given environmental condition (Connell and
Slatyer, 1977; Díaz et al., 1998; Keddy, 1992; Kraft et al., 2015; Weiher
and Keddy, 1999), which is implied from trait-environment relation-
ships (Naeem et al., 2012; Thuiller et al., 2006). Successional dynamics
are obviously much more complex processes than presented here, as
they are also influenced by interspecific interactions among diverse
plant communities (Connell and Slatyer, 1977; Pickett et al., 1987;
Azeria et al., 2011), stochastic processes such as dispersal limitation
(Hubbell, 2001), local site factors such as land-use history (Young et al.,
2005), and order of species arrival or priority effects (Fukami et al.,
2005; Kardol et al., 2013). These various drivers can have long-term
impacts on community assembly and can cause deviations in directional
successional trajectories. Understanding the long-term trajectory of
functional traits may provide critical information for understanding the
relative role of deterministic and stochastic influences on successional
pathways.

Despite increasing attention paid to trait-based approaches in
naturally-disturbed ecosystems, the nature of successional changes in
functional composition of severely degraded and reclaimed ecosystems
remains poorly understood. Severe anthropogenic disturbances, such as
oil and gas well pad drilling, that completely remove topsoil and ve-
getation, leave almost no biological legacy for self-recovery to pre-
disturbance state. Therefore, vegetation recovery of such severely de-
graded sites to pre-disturbance condition may be very slow without
active reclamation (Chazdon, 2008; Macdonald et al., 2012). This is in
contrast to succession after natural disturbance where community re-
assembly is initiated by native biological legacies (i.e., propagules) left
after natural disturbances, which may also be a contributing factor to a
directional change towards pre-disturbance state (Turner et al., 1998;
Roberts, 2004; Hart and Chen, 2006). Successional patterns typically
observed after natural disturbances may or may not apply to highly
degraded landscapes. Very few studies have assessed functional re-
covery of such systems and evaluated whether broad successional
patterns exist akin to those after natural disturbances. Thus, there is an
important need to understand patterns of functional trait recovery and
underlying processes in severely disturbed sites, given the impacts se-
vere industrial disturbances have on natural ecosystems and the various
biodiversity components they support (Dhar et al., 2018; Lupardus
et al., 2020).

In the boreal forest ecozone of Alberta, Canada, industrial oil and
gas disturbance has resulted in more than 239,000 drilled wellsites, of
which ~24% have been reclaimed certified or were exempted (Alberta
Energy Regulator, 2019). In these industrially disturbed lands, the
forest understory vegetation and underlying soils containing plant
propagules and seeds have been removed, resulting in the loss of im-
portant components of the forest biological legacy. This has created a
mosaic of degraded lands that have either undergone or will require
active reclamation. Given that the forest understory vegetation con-
tributes significantly to forest biodiversity and a range of forest

ecosystem functions (Roberts, 2004; Hart and Chen, 2006), re-estab-
lishing a viable forest understory community is an essential part of
reclamation in forested areas. However, due to limited availability of
native seed propagules from nurseries or natural sources, active con-
servation and reclamation activities in this region historically used
commercially-available, often non-native agronomic grasses and forbs
(Alberta Energy and Natural Resources, 1984; Government of Alberta,
1995; Chazdon, 2008; Macdonald et al., 2012; Powter et al., 2012).
Rather than focusing on reestablishment of trees on forested lands, the
short-term goal of revegetation was to initiate a quick re-establishment
of vegetation cover, which is critical for soil stabilization, minimizing
the spread of weedy species and promotes nutrient cycling recovery
(Remaury et al., 2018; Schuster et al., 2018). The long-term goal of
reclamation of Alberta’s wellsites is to return the disturbed land to
“equivalent land capability” (ELC), i.e., the ability of the land to sup-
port biodiversity and various land uses is similar to what existed prior
to exploitation activities (Alberta Environment, 2010; ESRD, 2013),
which remains poorly understood (Dhar et al., 2018). The few existing
long-term studies indicate that plant community composition and
structure in reclaimed sites remain different from that of natural eco-
systems even after decades (e.g., Pinno and Hawkes, 2015; Lupardus
et al., 2019). Persistence of novel abiotic (soil physico-chemical prop-
erties) and biotic (non-native crops used in revegetation) factors are
commonly implicated to inhibit establishment of native vegetation in
reclaimed sites (Zipper et al., 2011; Franklin et al., 2012; Bauman et al.,
2015). To our knowledge, there are very few, if any, long-term studies
focused on the functional aspect of community recovery in highly de-
graded systems. Considering the expected slow ecological recovery of
wellsites, a long-term chronosequence is necessary to assess if re-
claimed sites converge over time towards successional stages typical of
naturally disturbed sites (e.g., recovery after fire) or alternatively, other
desired land use practices (e.g., recovery after timber harvest).

In this study, we examined the successional trajectory of reclaimed
wellsites in forested ecosystems along a post-reclamation chronose-
quence (7–48 years post certification) to evaluate ecological recovery of
plant community traits. Understory vegetation responds rapidly to
prevailing proximate ecological conditions (Hart and Chen, 2006;
Azeria et al., 2011), thus it can provide a good indication of status of
ecosystem ecological recovery on the whole. We assessed ecological
recovery by comparing trait composition of reclaimed wellsites along
the chronosequence with reference sites grouped into three site types:
natural forests (young and mature forests regenerating post fire; here
after called natural forests) and young harvested forests (‘cut blocks’).
This study design allowed us to assess the recovery of reclaimed well-
sites not only against naturally-regenerating forests typically used as a
target for ecological restoration/reclamation but also against potential
alternative lower magnitude disturbance land use (productive harvest)
that the reclaimed wellsites may develop into within forestry-managed
areas. Our primary objectives were to: (1) determine the magnitude of
difference in trait composition of young and old reclaimed wellsites
compared to natural forests (young and old) and young harvested for-
ests; (2) determine if the post-reclamation changes of understory
communities functional (individual and combined) traits on wellsites
follow a directional trajectory rather than a stochastic one; and (3)
evaluate the relationship between functional traits and environmental
variables (e.g., bulk density, canopy cover). Understanding the complex
relationships between functional traits and environmental variables
over reclamation recovery period can have important implications for
restoration and reclamation practices, including the identification of
native species with traits matching the environmental condition (e.g.,
Martínez-Garza et al., 2013) or potential best practices to improve en-
vironmental site conditions and enhance the establishment of species
with more desirable trait values (e.g., Lohbeck et al., 2017).
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2. Materials and methods

2.1. Study area

The study sites were located in the Central Mixedwood and Lower
Foothills Natural Subregions in central Alberta (subregions within
Alberta’s Boreal and Foothill Natural Regions that are dominated by
forest; The Natural Regions Committee, 2006) (Appendix Fig. S1).

The latitude of study sites ranged from 54°12′-56°22′ (N) and
longitude ranged from 110°39′-118°7′ (W). The region has short,
moderately moist (> 470 mm) warm summers (~15 °C) and long, cold
winters (< -13 °C) with abundant snowfall (The Natural Regions
Committee, 2006). The landscape in the study area is comprised of
deciduous, coniferous and mixedwood upland forests with extensive
wetlands. The dominant deciduous species in upland forests include
trembling aspen (Populus tremuloides [Michx.]) and balsam poplar
(Populus balsamifera L.), while the most common conifer species include
white spruce (Picea glauca [Moench]), lodgepole pine (Pinus contorta
Dougl.), and jack pine (Pinus banksiana [Lamb.]). The wetlands are
dominated by black spruce (Picea mariana [Mill.]), shrub or sedge fens.
Typical soils are moderately fine textured Gray Luvisols and gleyed
subgroups (The Natural Regions Committee, 2006).

In this study a total of 89 ~ 1 ha area sites were sampled, including
30 wellsites and adjacent natural forest or harvested reference sites and
29 non-adjacent reference harvested sites. The 30 reclaimed wellsites
that were selected ranged in age from 7 to 48 years after reclamation
certification (mean of 20 years). The sites were selected from a larger
pool of well sites that met study requirements: i.e., all certified re-
claimed wellsites were located in upland forest types (deciduous, con-
iferous, or mixedwood), without active wellsite directly adjacent,
public land, within ~1.5 h of Slave Lake or Fox Creek field bases, ac-
cessible on foot (maximum ~1km from nearest road). Detailed in-
formation on the criteria that were used to approve reclamation certi-
ficates are provided in Government of Alberta, 1995 and AESRD, 2013.
Information on some of the types of seed mixes that would have likely
been used historically for revegetation are found in Alberta Energy and
Natural Resources, 1984 (Appendix B) and Hardy BBT Ltd. (1989). As
historical records of reclamation activities conducted on each wellsite
are not available, we were unable to evaluate differences in the spe-
cifics of reclamation efforts (e.g., reseeding methods, seed source,
herbicide treatment, etc.) for individual sites.

We sampled 30 (~1 ha) reference sites that were located directly
adjacent to the wellsites. The reference sites were intended to capture
the types of plant communities to which the reclaimed, previously
disturbed area would ideally return over time, and thus provided a
parameter to measure the trajectory of community recovery (Purcell
et al., 2002). Their placement around the wellsites ensured exposure of
the wellsites and reference sites to similar historic natural environ-
mental conditions and disturbances. Because we wanted to compare the
wellsite recovery against post-harvest disturbance that would results
from an alternative land use (there were few deciduous-dominated
young clear-cut forests in the adjacent reference sites), we also included
data from an additional 29 conventional harvested reference sites
(10–20 year cut blocks) within the same study region. These additional
harvested reference sites are part of the database maintained by the
Alberta Biodiversity Monitoring Institute (ABMI) core monitoring pro-
gram (ABMI, 2010; www.abmi.ca). The additional criteria used for
selecting the harvested sites was that the whole 1 ha should be har-
vested (most ABMI sites include a mix of natural and harvested areas),
and deciduous-dominated. The young harvested sites were in aspen-
dominated upland forests harvested ~15 years old prior to vegetation
survey with 2% merchantable volume left and their stand structure and
plant species groups at time of survey was similar to those found in
areas 20–40 years or> 40 year post-fire (Huggard et al., 2015).

2.2. Understory vegetation data

Field sampling of vascular plant composition (excluding overstory
tree species) was carried out by trained technicians in summer of 2014
in the 30 wellsite and adjacent reference site pairs. Data collection
followed protocols established in McIntosh et al., (2019). To briefly
summarize plant sampling, occurrence of plant species was recorded
within each ~100 × 100 m (1 ha) wellsite, which was divided into four
~50 × 50 m quadrants. In a few cases, the quadrants were slightly
smaller where the area cleared for wellsite construction was smaller
than 1 ha. After an initial 10 min creating a species list with names of
vascular plants observed at the study site, each quadrant was surveyed
for 20 min for a total of 80 min per wellsite (McIntosh et al., 2019,
Fig. 8) regardless of well site size and so were considered to be
equivalent in terms of vascular plant sampling effort. Occurrence of
vascular plant species was recorded in each quadrant. The number of
occurrences across quadrants was summed for each species per site
(0–4) and used as our metric of species relative abundance. Similarly,
four reference 50 × 50 m quadrants were laid out beginning at the edge
of each corner of the wellsite (see McIntosh et al., 2019, Fig. 8), within
the nearby “undisturbed” forested landscape to sample species relative
abundance. When placing reference quadrants, the exact locations were
adjusted as necessary to avoid areas impacted by any type of human
disturbance (e.g., roads, pipelines).

The 29 young harvested reference sites were surveyed in summers
between 2010 and 2012 using the same floristic inventory protocol
(ABMI, 2010), except that instead of a paired 1 ha wellsite and 1 ha of
reference, there was only a single 1 ha (100 × 100 m) plot within each
harvested site that was sampled. Vascular plants were identified to the
species level in the field and voucher specimens by plant taxonomists at
the Alberta Biodiversity Monitoring Institute. When this was not pos-
sible, plants were identified to genus or another lower taxonomic re-
solution level, e.g., some species in the genera Carex and Salix were
analyzed at that level.

2.3. Plant traits and characteristics

We evaluated ten plant traits and metrics that are considered to
influence plant colonization ability and performance (i.e., dispersal,
establishment and persistence) (Table 1). More specifically we dis-
tinguished between fast-resource acquisition traits typical of early-
successional species that colonize quickly (e.g., annuals, abundant seed
production), and traits typical of late-successional species, which are
linked to resource conservation (e.g., longevity, shade tolerant) (Grime,
1977; Grime et al., 1997; Reich, 2014). We use the term trait in its
broader sense and include metrics related to plant morphology and
propagation (growth form, lateral extension, maximum height), re-
generation and dispersal strategy (seed production, seed dispersal
vector, seed weight) and resource utilization (water, light requirements
and longevity). We also include species origin status in Alberta (native
or exotic) (Table 1). Trait information was compiled from the Traits of
Plants in Canada (TOPIC) database (Aubin et al., 2020).

2.4. Environmental data

For each site, we compiled environmental variables reflecting broad
landcover types (GIS data) and fine scale (field data) habitat char-
acteristics and soil properties. Each of these components are described
below (see McIntosh et al. (2019) for more detail).

2.4.1. GIS-extracted data
We used the detailed wall-to-wall vegetation (version 5; ABMI

2015) and Human Footprint GIS layers (ABMI Human Footprint
Inventory for 2012, Version 3) created by ABMI to broadly characterize
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the paired wellsite and reference sites, as well as the harvested re-
ference sites (i.e., the cut-block sites). For the wellsites, landcover in-
formation was extracted for a 1 ha square area centered on each site or
by intersecting the entire wellsite boundary with the GIS layers for the
cases where the site area was<1 ha. To account for the resulting area
differences between wellsites, all the extracted habitat information was
expressed as proportions relative to the area sampled. Similarly, re-
presentative land cover information of the adjacent reference area was
extracted by taking a circular buffer of 0.25 ha centered at each of the
four reference quadrants (total 1 ha). For the harvested sites selected
from the core ABMI monitoring program, proportion of vegetation and
human footprint was extracted within a 1-ha area around the center
point of each sampled site.

Based on the extracted GIS data, we classified the wellsites and
reference sites into broad site types. As expected, all the wellsites were
within cleared areas, although some had a portion of forests from sur-
rounding areas intergrading to the wellsites along the edges. The
wellsites differed in time since reclamation and certification (Range: 7
to 48 yrs post-certification; mean = 20 years) and were further clas-
sified into two age classes: young reclaimed (Y.Rec = 7–19 years; 18
wellsites) and old reclaimed (O.Rec: 21–48 years; 12 wellsites). All of
these sites were reclaimed using the same reclamation criteria (de-
scribed in the study area section above) thus a chronosequence ap-
proach is appropriate to use. Most of the reference sites adjacent to
wellsites were dominated by mature forest (M.For = 50–120 years; 17
sites) or young regenerating forest (Y.For=<20 years; 7 sites) origi-
nating from natural forest fires. However, six of the adjacent reference
sites were dominated by recently harvested or young cut blocks
(Y.Cut = 10–20 years, except for one that was 5 years old) intermingled
with forest that originated from fire. All the additional post-harvest
sites selected from ABMI core sampling were young cut blocks
(Y.Cut = 10–20 years; 29 sites). We used these site groupings (Y.Rec,
O.Rec, Y.Cut, Y.For and M.For) as the basis for comparing overall trait
similarity of the post-reclamation chronosequence of wellsites with
reference sites. We selected the 20-year cut-off because vegetation
communities in naturally disturbed sites tend to stabilize after ap-
proximately 20 years of age of canopy initiation (Hart and Chen, 2006).

2.4.2. Field-collected data
We considered chemical and physical properties that are indicators

of soil quality and important for plant growth (reviewed in Schoenholtz
et al., 2000). Five soil variables, namely soil bulk density (BD), pH,
electrical conductivity (EC), total nitrogen (N) and total organic carbon
(OC) were estimated based on five sample points in each of the quad-
rants (McIntosh et al., 2019). Soil pH, EC, N and OC were measured at
four depths (0–15, 15–30, 30–60 and 60–100 cm), while bulk density
was measured at the two uppermost depths (0–15 cm, 15–30 cm). The
measurements were highly correlated across soil depths and among soil
variables (Appendix Table S1). Thus, we excluded variables that were
highly correlated (|r|> 0.7, Dormann et al., 2013) and retained six soil
properties measured at the shallowest and deepest depths based on
their correlation. In addition, the following habitat characteristics were
estimated based on field sampling protocols outlined in detail in
McIntosh et al. (2019): canopy cover, total basal area (BA), total coarse
woody debris (> 7 cm diameter) volume (CWD) and organic soil hor-
izon (LFH: Litter, Fragmented (partially decomposed) litter and Humus)
depth. Briefly, all the variables were measured in each quadrant with
corresponding specific protocols to each (plot size within quadrants)
and they were averaged or summed across quadrants to give site-level
information. For example, total basal area was estimated from field
measurements taken on all trees (live, dead) that had a minimum of
1.3 m height and measured within three different plot sizes based on
tree diameter at breast height (all trees = 5 × 5 m; ≥ 7 cm
dbh = 10 × 10 m; ≥ 25 cm dbh = 25 × 25 m plot) nested within each
quadrant (Figs. 9, 10 McIntosh et al., 2019). Some of the habitat
characteristics were also highly correlated with each other (e.g., canopy
cover and BA: r = 0.72) and with soil parameters (e.g., LFH and OC).
Highly correlated predictors (|r|> 0.7) were excluded from each pair,
choosing the variable with stronger ecological meaning for modelling
plant distribution in the boreal forest; we kept five predictors to reflect
major environmental gradients that we expected to influence the dis-
tribution and composition of the studied plant communities: bulk
density (surface), pH and OC at the surface (0–15 cm), pH and OC of
deeper soil (60–100 cm), CWD and canopy cover. All of these en-
vironmental variables were available for the wellsites and adjacent

Table 1
Plant traits and characteristics compiled from Traits of Plants in Canada (TOPIC) database.

Trait (abbreviation) Variable type Trait classes Code Description Species (n)

Growth form (GF) Nominal Graminoid Graminoid Graminoid 33
Forb Forb Forb 102
Shrub Shrub Shrub 51
Fern and allies Fern Fern 7

Height (HT) Quantitative 1.1–8.01 (Mean ± sd: 4.44 ± 1.12); log scale
Lateral extension (LE) Ordinal (0–4) Limited 0 No vegetative propagation 24

Clonal compact 1 Limited horizontal propagation 55
Clonal extensive (non- Phanerophyte) 2 With significant horizontal propagation 93
Clonal intermediate (Phanerophyte) 3 With moderate horizontal propagation 13
Clonal extensive (Phanerophyte) 4 With significant horizontal propagation 8

Seed production (SDPRO) Nominal Abundant a > 1000/year 114
Semi-abundant s 20–1000/y 65
Few, scarce f 1–20/y 14

Seed weight (SDWT) Quantitative Number of seeds/kg; 7.05–25.33 (Mean ± sd: 15.02 ± 3.53); log scale
Seed dispersal vector (DI) Nominal Animal a Animal other than birds (external or internal) 60

Bird bi bird 31
Uunassisted g Unassisted/Water 15
Low l Explosive/insect 9
Wind far wf Long dispersal by wind 53
Wind short ws Short dispersal by wind 25

Water preference (WP) Ordinal (0–1) 0, 0.2, …,1 Xeric (0) to humid (1)
Light requirement (LI) Nominal Shade intolerant/light demanding i 75

Shade mid tolerant m 76
Shade tolerant s 42

Longevity/perennially (PER) Binary Short 1 Annual + biannual 18
Long 2 Perennial 175

Origin status (ST) Binary Exotic Exotic 20
Native Native 173
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reference sites, while for the ABMI young harvested reference sites, soil
measurements were undertaken only at surface (organic layer and top
5 cm of mineral soil) and there was no measurement of bulk density.
Summary statistics of the habitat variables considered are provided in
supplementary material (Appendix Table S2).

2.5. Statistical analyses

For each site, we summarized species richness and the total relative
abundance for all species (i.e., sum of detections of all species in 4
quadrants per site), and tested for significant difference among site
types using one-way analysis of variances (ANOVAs). When there were
significant differences (alpha = 0.05), we conducted Tukey HSD post-
hoc tests for pairwise comparisons.

We then performed the following analyses to answer our three main
research questions. We applied a set of multivariate methods to ascer-
tain whether the identified patterns were robust to the methods used.
First, we asked whether there were differences in understory plant traits
among the reclaimed sites (Y.Rec and O.Rec) and the natural forest
(Y.For and M.For) and harvested (Y.Cut) reference site types. To answer
this question, we calculated community-weighted trait means (CWM)
for each site by weighting species traits by relative species abundance at
each site (Garnier et al., 2004). This measure quantifies the dominant
trait values in a community. A Principal Component Analysis (PCA) was
performed on CWM to explore differences among site types in multiple
trait space and depicted the overall correlation among trait types. To
test for differences in overall CWM composition among site types, we
performed permutational multivariate analysis of variance (PERMAN-
OVA; Anderson, 2001). Multi-trait functional dissimilarity was calcu-
lated between each pair of communities (sites) using a Gower dissim-
ilarity index (Gower, 1971), which is appropriate to deal with variables
(here CWM of each trait) measured in different units (Pavoine et al.,
2009). We also performed post-hoc pairwise comparisons among sites
types. We used the false discovery rate (FDR; Benjamini and Hochberg,
1995) on p-values to adjust for multiple testing. Furthermore, we per-
formed a permutational analysis of multivariate homogeneity of group
dispersions (PERMDISP; Anderson et al., 2006) to determine if differ-
ences in within-group dispersion could have contributed to significant
results in PERMANOVA test. Tests of significance of PERMANOVA and
PERMDISP were conducted using 9999 permutations (alpha = 0.05).

Second, we asked whether the traits of plant communities in re-
claimed wellsites followed a directional change over time since re-
clamation. We considered the effects of time since reclamation in two
ways. First, we determined whether traits of communities in the well-
sites were undergoing directional change along our post-reclamation
chronosequence and were converging towards similar trait composition
to that found in reference communities. Such reference sites provided a
parameter to measure the trajectory of community recovery over time
(Purcell et al., 2002). We emphasized comparison of the wellsite tra-
jectories against multiple sites, thus taking into consideration the nat-
ural variation that can occur among the reference sites (Hobbs and
Norton, 1996; Ruiz-Jaen and Aide, 2005) and recognized the dynamic
nature of the putative reference sites (Hiers et al., 2012). In this case,
we first calculated the mean trait similarity (i.e., 1-Gower dissimilarity)
of each wellsite to each of the reference site types (Y.For, M.For and
Y.Cut) and then evaluated the relationship between trait similarity and
time since reclamation. We used an analysis of variance (ANOVA) to
determine if slopes were significantly different from zero
(alpha = 0.05). In addition, we compared differences in intercept and
slopes of convergence towards different site types using generalised
least square models (GLS), which accommodate for variation in re-
siduals among response variables, in this case mean similarity to the
different site types. We then evaluated directional change among the
wellsites using a time-lag regression analysis (Collins et al., 2000),
where the dissimilarity or divergence in functional trait composition
between pairs of wellsites was regressed against each difference in time

since certification. This approach has been used to estimate directional
change in species composition over time (Collins et al., 2000).

Third, we conducted a community weighted mean redundancy
analysis (hereafter CWM-RDA; Kleyer et al., 2012) to examine the re-
lationship between environmental variables (site types, soil properties
and habitat characteristics) and CWM trait values of communities. We
conducted a detailed analysis of those environmental variables using a
subset of the wellsites and neighboring reference sites data (N = 60)
that had all the covariates (soil properties sampled at different depths).
In addition, we conducted the same analysis by including all sites
(N = 89) and using the set of variables that were measured also in the
young harvested sites from the ABMI core sites. To determine the link
between each trait and each environmental variable, we performed a
fourth-corner analysis (Legendre et al., 1997; Dray and Legendre,
2008). The fourth-corner tests the link between each species trait
(Matrix Q: species x traits) and environmental variable (Matrix R: sites x
environment) by way of species data (Matrix L: sites x species abun-
dance). The significance (alpha = 0.05) of trait-environment links was
tested by permutating the data based on a null model. Specifically, we
applied a null model that shuffled species abundance independently,
but with the constraint that it kept site species richness and total site
abundances as observed. In addition, the null model kept species in-
cidences as in the observed data. While total abundance of species in
the randomized data was not strictly as observed, they were highly
correlated (r = 0.96). For significance testing, we used 9999 permu-
tations and the p-values were adjusted for multiple testing using the
FDR method, which is appropriate and powerful method for addressing
multiple testing issue in ecological studies (García, 2004; Verhoeven
et al., 2005). We also considered a simple correlation between the CWM
value for each trait and the continuous environmental variables to
further corroborate the fourth corner results. Additionally, we assessed
the change in CWM values for each individual trait with time since
reclamation to highlight the shared and unique pattern underlying the
trajectory based on overall CWM trait values.

In all analyses, rare species (singletons and doubletons) were re-
moved prior to the analysis to alleviate potential effects of vagrant and
hard to detect species on the overall relationship between traits and
environmental variables. The fourth-corner analyses were conducted
using fourthcorner function as implemented in the ade4 package for R
(Dray and Dufour, 2007). All analyses were conducted in R, version
3.3.2 (R Core Team, 2017).

3. Results

3.1. Species richness and abundance

A total of 191 vascular plant species and two genera were included
in our analysis. A summary of species richness and total relative
abundance of all species averaged by site type is presented in Table 2.
Species richness differed by site type (one-way ANOVA, F4,84 = 5.69,
p < 0.001), with richness in young harvested sites (Y.Cut) higher than
in young reclaimed (Y.Rec) sites (Tukey HSD, p < 0.001) (Table 2).
The post-hoc pairwise comparisons indicated no significant difference
in mean species richness across other site type pairs (Tukey HSD, all
p > 0.05). Similarly, there was a significant difference in the total
relative abundance for all species (i.e., detections of all species in 4
quadrants per site) among site types (one-way ANOVA, F4,84 = 9.29,
p < 0.001), with total relative abundance in young harvested (Y.Cut)
only higher than in young reclaimed (Y.Rec) and young forest (Y.For)
site types (Table 2).

3.2. Differences in plant trait composition across site types

The PCA on CWM indicated that the first two axes explained 55.3%
and 10.8% of trait co-variation, respectively (Fig. 1). The first axis had
high positive loading for forbs, graminoids, short-lived, tall-stature,
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abundant seed production, far-dispersal by wind, light tolerance, and
exotic species. In contrast, CWM for shrubs, perennials, increased lat-
eral growth, production of few or scarce seed, dispersal by bird, insect
or explosive, high moisture requirement, shade tolerance and native
species had negative loading on the first axis. The first axis thus dis-
criminated communities dominated by species with fast-resource ac-
quisition traits (positive along x-axis) from those dominated by species
with more “climax”, resource-conservation traits (negative along x-
axis). The traits that had strong positive links with the second axis were
growth forms such as ferns and allies, short-wind dispersers and species
that are shade tolerant and produce few large seeds (traits related to
species typically found in later-successional habitats). The different site
types showed an obvious trend along the first axis (positive to negative)
from young reclaimed, old reclaimed, young harvested/young forest to
mature forest. CWM trait composition of understory plant assemblages
differed significantly between the site types (PERMANOVA,
F4,84 = 32.91, p < 0.001), as was identified in the PCA plot. Despite
the apparent overlap among reference site types in the PCA plot (e.g.,
harvested vs natural forests), post-hoc pairwise PERMANOVA tests in-
dicated significant differences between all pairwise site-type compar-
isons (Table 3). Yet, the differences were much higher between re-
claimed and reference sites than among the reference sites. There was a
borderline significant difference in dispersion among site types (PER-
MDISP, p = 0.048) with dispersion for young harvested (Y.Cut) sites
lower than for both young and old reclaimed wellsites (Y.Rec and
O.Rec).

3.3. Directionality in community-level functional traits shift with
reclamation age

The similarity in overall CWM trait composition between reclaimed
wellsites and all of the reference site types (young harvested, young or
mature natural forests) increased with post-reclamation age (Fig. 2; for
individual trait trajectory see below). There was no significant differ-
ence in the trajectory slope towards the different reference site types,
yet the intercept for young natural forest was higher than that of mature
natural forest (p = 0.002). Furthermore, time-lag regression analysis
indicated a directional change among the wellsites whereby the dis-
similarity between wellsites increased with difference in time since
reclamation between wellsite pairs (Fig. 3).

3.4. Community-level functional traits and environmental variables

The CWM-RDA indicated that the environmental variables ex-
plained 62.3% of the total variance in community traits (Fig. 4;
Appendix Table S3). The first axis accounted for most (79.6%) of the
CWM-RDA variance, with the second axis explaining 6.1%. Axis 1 re-
presents a gradient of site types (Y.Rec to M.For), canopy closure (ca-
nopy; negative), coarse woody debris volume (CWD; negative), avail-
able organic matter at surface and deepest soil (OC_0 and OC_60;
negative), surface bulk density (BD_0; positive), and pH (pH_0 and
pH_60; positive). Traits associated with fast-resource acquisition (e.g.,
forbs, high dispersal, shade intolerant/light demanding, exotics) were
positively correlated to Axis 1 and to variables that had positive load-
ings on Axis 1 such as bulk density (also see Fig. 1). In contrast, re-
source-conservation traits (e.g., shade tolerant, few seeds, and moisture
preference) were negatively correlated with Axis 1; a pattern shared
with variables such as canopy cover, coarse wood and mature forest
that had negative loading on Axis 1. The second axis showed a weak
relationship with pH, and traits including ferns, few seed production,

Table 2
Vascular plant species richness summary statistics grouped by site type. Site types with significant difference (alpha = 0.05) based on one-way ANOVA post-hoc
comparisons (Tukey HSD) are indicated by different capital letters (A, B).

Site type Site code No. sites Number of species Total Abundance

Total Range Mean ± S.D. Total Range Mean ± S.D.

Young reclaimed Y.Rec 18 134 17–58 40.7 ± 10.1B 2028 35–149 112.7 ± 31.9B

Old reclaimed O.Rec 12 133 39–60 48.3 ± 6.5 AB 1622 99–167 135.2 ± 21.6 AB

Young harvested Y.Cut 35 170 37–64 51.5 ± 7.6 A 5292 115–195 151.2 ± 20.4 A

Young forest Y.For 7 126 43–62 49.7 ± 6.4 AB 801 101–132 114.4 ± 11.6B

Mature forest M.For 17 129 34–60 47.9 ± 6.9 AB 2278 94–183 134 ± 25.6 AB

Fig. 1. Principal component analysis (PCA) of the Community Weighted Means
(CWM) of 10 traits of understory plants assessed along a post-reclamation
chronosequence and reference sites grouped by site type. Site type:
Y.Rec = Young reclaimed; O.Rec = Old reclaimed; Y.Cut = Young harvested
forest; Y.For = Young forest; M.For = Mature forest. Vectors indicate plant
traits/characteristics. Refer to Table 1 for trait codes.

Table 3
Pairwise PERMANOVA tests of Community Weighted Mean traits for each pair
of site types. P-values were adjusted for multiple testing using the false dis-
covery rate method.

Site Type Comparison F-value R.squared p

Y.Rec vs O.Rec 3.286 0.105 0.013
Y.Rec vs Y.Cut 95.842 0.653 0.001
Y.Rec vs Y.For 22.518 0.495 0.001
Y.Rec vs M.For 81.902 0.713 0.001
O.Rec vs Y.Cut 37.323 0.453 0.001
O.Rec vs Y.For 7.808 0.315 0.003
O.Rec vs M.For 34.444 0.561 0.001
Y.Cut vs Y.For 3.668 0.084 0.009
Y.Cut vs M.For 5.838 0.105 0.001
Y.For vs M.For 4.879 0.182 0.001

Y.Rec = Young reclaimed; O.Rec = Old reclaimed; Y.Cut = Young harvested
site; Y.For = Young forest; M.For = Mature forest.
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and short-wind dispersers had negative loadings, whereas moderately
shade tolerant had positive loading. Results of CWM-RDA analysis that
included the complementary harvested site type data were qualitatively
the same (Appendix Fig. S2).

Fourth-corner analysis using a fixed–fixed null model supported the
contrasting relationship of those resource-acquisition and resource-
conservation traits to the environmental variables observed in CWM-
RDA (Fig. 5). Traits associated with fast resource acquisition positively
correlated with reclaimed wellsites (Y.Rec and O.Rec) and associated
variables, high bulk density and pH, but had negative association to
mature forest (M.For), OC, CWD and canopy cover; the opposite re-
lationship was found for resource-conservation traits. Young harvested
(Y.Cut) and young naturally disturbed forest (Y.For) also shared some
similarity as evidenced by a positive relationship with late-successional
traits found in mature forest (e.g., shrubs, lateral extension, bird dis-
persed); yet many traits were non-significant (e.g., plant height, water
preference and seed production). Additionally, some traits that initially
had significant negative (seed production: few and scarce; dispersal
mode: bird and limited) or positive (non-bird animal dispersed) asso-
ciations with young reclaimed sites became non-significant over time in
the old reclaimed sites, indicating gradual change in the abundance of
these traits over time. Such gradual changes were more evident when
considering the relationship between CWMs for individual traits and
with time since reclamation of wellsites as a continuous variable
(Table 4, Appendix Fig. S3). For example, CWM of traits such as gra-
minoids, abundant seed production, far wind-dispersed, shade-

Fig. 2. Plot of trait composition similarity of reclaimed wellsites (based on CWM of traits and Gower metric) with time towards reference site types (A) Young
harvested forest, (B) young and (C) mature natural forest. Gray shading shows 95% confidence interval of the correlation.

Fig. 3. Time-lag regression analysis showing increase in pairwise Gower dis-
similarity in community-weighted trait means (CWM) trait composition (y-axis)
between wellsite pairs with increasing time lags (age difference between
wellsite pair; x-axis) among wellsite plant communities. Gray shading shows
95% confidence interval of the correlation.
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intolerant (light-demanding) and non-native tended to decline with
increasing reclamation age, while shrubs, few seed production, bird
dispersers and shade tolerant traits tended to increase with time since
reclamation, although not necessarily reaching the level found in the

reference sites. Such trends over time were not always evident because
of differences when comparing young and old reclaimed age classes.
CWMs of traits of forbs, perenniality, height and water preference in
wellsites remained consistently different from those of reference sites
with no apparent trend with age of reclamation. Finally, for most of the
examined traits, the refences site types were similar (also see Fig. 1); the
limited difference observed in the overall trait composition among re-
ference site types (Table 3) is probably due primarily to differences in
CWM of just a few traits, including ferns (young harvested vs. mature
forest) and graminoids (young forest vs. mature forest) (Appendix Fig.
S3).

4. Discussion

Despite the sustained interest in ecological succession due to its
pivotal role in understanding how plant communities respond to dis-
turbance, the long-term successional trajectory of ecological commu-
nities’ on severely degraded lands remains poorly understood (Dhar
et al., 2018). In particular, far less is known about the recovery of
functional composition of highly degraded lands following reclamation.
Our study helps to fill this knowledge gap by evaluating the succes-
sional trajectory of plant community functional composition in re-
claimed wellsites and effects of putative environmental variables on
their recovery using long-term chronosequence data. We showed a
general directional change of functional composition in reclaimed sites
over time towards those found in reference sites (both natural origin
and harvested), with some variation in successional trajectory among
traits. Despite their overall similarity in terms of species richness and
total relative abundance, the overall functional composition in re-
claimed wellsites still differed from reference sites up to 50 years after
reclamation. We found strong effects of environmental variables on
overall functional composition as well as for individual traits.

A general directional successional change towards pre-disturbance
community composition is a logical expectation under natural

Fig. 4. Redundancy analysis (RDA) model in trait Community Weighted Mean.
The first two axes explained 62.3% of the total CWM trait variance, of which
79.6% and 6.1% were explained in Axis-1 and Axis-2, respectively. Points are
study sites, and site type centroids are indicated in boxed labels. Environmental
variables are indicated by red arrow, and white text in grey boxes are short
names for traits, which are explained in Table 1. Environmental variables are
bulk density surface (BD_0), pH surface (pH_0), pH deep (pH_60), organic
carbon surface (OC_0), organic carbon deep (OC_60), canopy cover (canopy)
and coarse woody debris (CWD). Site codes as in Fig. 1.

Fig. 5. Fourth corner analysis showing relationship between each pair of trait and environmental variables/site types. Significant positive and negative relationships
are shown by red and blue color, respectively. Values are p-values. Abbreviations for traits are described in Table 1 and for environmental variables in Fig. 4.
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disturbance regimes that often leave substantial biotic and abiotic le-
gacies (Turner et al., 1998; Roberts, 2004; Hart and Chen, 2006; Azeria
et al., 2011). However, severe anthropogenic disturbances, such as
energy development and mining projects, often create inhospitable
biotic and abiotic conditions for site self-recovery, which require active
reclamation practices to facilitate revegetation. Historically these
practices have used non-native biotic communities (e.g., agronomic
species) (Chazdon, 2008; Jones et al., 2018). These practices can create
distinct ecological conditions which may further drive the successional
trajectory of an ecosystem in a direction different from that observed
after natural disturbances. Non-native species are known to have sig-
nificant impacts on community assembly (Vilà et al., 2011; David et al.,
2015). For example, novel soil physico-chemical condition and dense
cover of non-native crops used in revegetation of coal sites have de-
layed succession by native vegetation (Zipper et al., 2011; Franklin
et al., 2012; Bauman et al., 2015). These biological and environmental
effects of disturbance and subsequent reclamation may be long lasting.
Pinno and Hawkes (2015) found that the composition and structure of
plant communities in reclaimed areas were still distinct from natural
ecosystems after 20 years, while Lupardus et al. (2019) found that plant
taxonomic composition left wellsites in a state of arrested succession for
decades after reclamation. In contrast, our findings indicate a general
directional change in mean trait values with increasing reclamation age
and convergence towards reference sites. Yet, trait composition in re-
claimed wellsites remained distinct from reference sites even after al-
most 50 years. Our results suggest there may be a consequence to the
persistence of species with early-successional traits and exotic species
that are better adapted to the novel soil conditions of reclaimed sites,
preventing re-colonization of species with more desirable late-succes-
sional/performance traits.

The functional composition of young reclaimed sites (< 20 years)
was dominated by characteristics of early-successional species such as
light-demanding/shade-intolerant species, species that disperse effec-
tively by wind, produce abundant seed and have short life span, as well
as exotic species. This may reflect the selection of the species pool used

for revegetation (i.e., “Introduction bias” sensu van Kleunen et al.,
2015); species selected for revegetation are typically fast-growing and
produce abundant seed so that soil stabilization is promoted (Cheivers
et al., 2016). Historically, non-native species such as Timothy grass
(Phleum pratense), alsike clover (Trifolium hybridum), red clover (T.
pratense) and white clover (T. repens) as well as native species (e.g.,
slender wheatgrass Agropyron trachycaulus, fringed brome Bromus ci-
liatus) were widely used in active reclamation (e.g., Alberta Energy and
Natural Resources, 1984; Hardy BBT Ltd., 1989; see Appendix Table S5
for non-native species). Furthermore, other functionally similar species
including exotic (e.g., Canada thistle Cirsium arvense and common
dandelion Taraxacum officinale/erythrospermum) and native (e.g., fire-
weed Chamerion angustifolium) invaders are well adapted to disperse
and establish given the initial abiotic conditions (see below) and
probably due to stochastic colonization processes; e.g., plants with
abundant seeds would have higher probability of arriving and occu-
pying in the short term (Hubbell, 2001; Duncan et al., 2009). In con-
trast, functional composition in older reclaimed sites tended to diverge
from the typical early-successional syndrome and converge, albeit not
completely, towards late-successional syndrome (e.g., increase in pre-
valence of species with shade-tolerance, produce fewer seeds, disperse
via birds and prefer higher soil moisture conditions) found in reference
sites. Thus, the post-reclamation assembly of communities appears to
follow a predictable functional filtering (deterministic) process,
whereby traits favored in the early successional (= fast resource ac-
quisition traits/ colonization traits) stage are eventually replaced by
late-successional traits (i.e., resource preservation traits/ performance
traits). This is because most traits displayed a directional change and
increased (e.g., semi-abundant seed) or decreased (e.g., abundant seed)
over time reaching the reference level either partially (e.g., semi-
abundant seed) or “fully” (e.g., far dispersal by wind). However, tra-
jectories of traits such as forbs, lateral extension and perennials were
poorly predicted by reclamation age, and they remained distinct from
that of reference sites. On the other hand, traits such as short-dispersal
wind and mid shade-tolerant of reclaimed sites were not different from

Table 4
Summary of trajectory trend of community weighted mean (CWM) value for each trait with reclamation age (trend) towards that of reference site types.

Trait Trait types Trend Similar as reference? Remark: cwm in reclaimed

Growth form (GF) Graminoid ↓ No Higher than in reference
Forb NS No Higher than in reference
Shrub ↑ No Lower than in reference
Fern NS Y.Cut

Height (HT) Continuous NS Y.Cut, Y.For Higher than in M.For
Lateral extension (LE) Ordinal NS No Lower than in reference
Seed production (SDPRO) Abundant (a) ↓ No Higher than in reference

Semi-abundant (s) ↑ Y.Cut, Y.For Lower than in M.For
Few, scarce (f) ↑ Y.For Lower than in Y.Cut and M.For

Seed weight (SDWT) Continuous ↓ Yes Like that in reference regardless of age
Seed dispersal vector (DI) Animal (a) NS M.For* Higher than in Y.Cut and Y.For

Bird (b) ↑ No Lower than in reference
Unassisted (g) ↓ns Yes Like that in reference
Self-explosive, low (l) ↑ Y.For Lower than in Y.Cut and M.For
Wind far (wf) ↓ Yes Like that in reference
Wind short (ws) NS Yes Like that in reference

Water preference (WP) Ordinal NS Y.Cut, Y.For Lower than in M.For
Light requirement (LI) Shade intolerant (i) ↓ No Higher than in reference

Shade mid-tolerant (m) NS Yes Like that in reference
Shade tolerant (s) ↑ No Lower than in reference

Longevity/perennially (PER) Annual & biannual (1) NS No Higher than in reference
Perennial (2) NS No Lower than in reference

Origin status (ST) Exotic ↓ No Higher than in reference
Native ↑ No Lower than in reference

Y.Rec = Young reclaimed; O.Rec = Old reclaimed; Y.Cut = Young harvested sites; Y.For = Young forest; M.For = Mature forest
The codes under “Trend” column indicate whether CWM values in reclaimed sites show increasing (↑), decreasing (↓) or no significant (NS) trend overtime. The
values for reclaimed sites may be similar (reference site type indicated) or not (No) regardless of trend and this is indicated in “similar as reference” and “Remark”
columns. For example, graminoid declined over time but still remained higher than reference sites, whereas fern did not show trend but values in reclaimed were
similar to that found in young harvested. For detailed results see Appendix Fig. S3.
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that of reference sites.
The above findings highlight the need to examine and understand

how different traits individually and collectively contribute to the
overall successional trajectory and potential ecosystem functions of
severely degraded landscapes. For example, the lack or delayed tra-
jectory of traits such as longevity, is likely to contribute to the apparent
delayed recovery of reclaimed sites inferred from overall assemblage
trait composition. This also highlights the need for careful considera-
tion of the traits considered when using this approach to infer factors
that influence recovery. Furthermore, the observed multiple trajectories
by traits may highlight the shared and differential influence of under-
lying environmental drivers on traits during post-reclamation succes-
sion (see below).

Directional change, or lack thereof, in functional composition par-
tially hinges on the trait-environment relationship. In this deterministic
view of succession, species are selected from the regional species pool
based on their functional attributes that confer fitness to the local en-
vironment (Helsen et al., 2012; Kraft et al., 2015; Weiher and Keddy,
1999). Our results provide strong evidence for effects of environmental
filtering on trait composition along the post-reclamation successional
and reference gradients (but with some exceptions highlighted in the
paragraph directly below). We found a strong relationship between
CWMs of traits and local soil physico-chemical properties and habitat
variables. High soil bulk density and pH as well as the low amount of
total organic carbon, coarse woody debris and canopy cover in young
reclaimed wellsites favored fast-resource acquisition traits including
abundant seed, far-wind dispersed, taller plants, short life span, shade-
intolerant, graminoids, forbs and exotics. The opposite was true for trait
composition in reference sites and to some extent in old reclaimed
wellsites in which traits typical of late successional and/or resource-
conserving species became more abundant, including scarce seed pro-
duction, dispersal via birds, perennials, shade-tolerant, water-pre-
ferring, extensive lateral extension, shrubs and natives. Canopy cover
increased with time since reclamation and certain traits showed a
concurrent directional decline (e.g., graminoid, abundant seed and
wind-far dispersed, shade-intolerant) or increase (e.g., bird dispersed
and shade-tolerant). This suggests environmental filtering acted as a
major driver of community assembly as trait composition shifted to-
wards those associated with later-successional habitats. Other traits
however did not appear to follow a directional change along a post-
reclamation chronosequence, including traits such as forbs, root lateral
extension and life-span. These traits were still associated with soil
physico-chemical and other attributes that remained consistently high
(bulk density and pH) or low (OC and CWD) along our post-reclamation
chronosequence. For instance, root lateral spread was negatively re-
lated to bulk density and pH and the converse was true for forbs; both
traits remained consistently low or high along the chronosequence.
Thus, the absence of a successional trajectory in these traits could be
due to contingent factors such as soil physico-chemical attributes rather
than stochastic factors, as discussed below.

Our findings also showed some traits were similar across well sites
and reference sites with no strong signal regarding the effect of site,
environmental variables or time since reclamation. For example, we did
not find significant difference of the shade mid-tolerant with age since
reclamation unlike the decline and increase observed for shade-intol-
erant/light demanding and shade-tolerant, respectively. It is generally
assumed that as an ecosystem develops the assemblage will reflect
species with different light requirements and the gradual replacement
of shade-intolerant species by mid-tolerant and finally shade-tolerant
ones. The lack of significant difference for mid-tolerant species may be
because such species are often generalists and perform equally well
along the entire light gradient in the study system. Similarly, short-
distance wind dispersers did not show any evident relationship with
respect to site types, age since reclamation or any of the variables ex-
amined (Appendix Fig. S3 and Fig. S3) unlike other dispersal classes,
e.g., far-dispersal by wind. The reason for this was not obvious from our

data. The most abundant short-distance wind dispersers in our study are
ubiquitous graminoids and herbs (Calamagrostis canadensis, Achillea
millefolium and Mertensia paniculata), similar to the shade mid-tolerant
species, they are known to thrive well in a wide variety of site condi-
tions.

The persistence of graminoids (including exotic agronomic species
that were initially seeded), forbs, and annuals as well as high bulk
density and pH for soil conditions in reclaimed sites highlight the long-
term legacy effects that intensive disturbance and the type of species
used in reclamation can leave on the landscape. Collectively, these
factors can severely delay the establishment of native biota for decades
(Zipper et al., 2011; Franklin et al., 2012). Herbaceous annuals used in
reclamation may inhibit or delay the successional trajectory through
direct competition (Zipper et al., 2011), priority effects (Fukami et al.,
2005; Kardol et al., 2013) or through apparent competition by at-
tracting browsers (Holt and Lawton, 1994). Our data indicate that an-
imal dispersed traits are more common in young reclaimed sites than in
reference sites, which may also suggest herbivore use of the reclaimed
sites. Browsing intensity has been documented to favour the develop-
ment of a herbaceous layer (Rooney, 2009). Similarly, exotic species are
widely recognized to impact structure and composition of native biota,
and succession dynamics, directly through biotic interactions or in-
directly through modification of soil physico-chemical properties (Vilà
et al., 2011). The persistence of exotic species used for reclamation and
other functionally similar invading exotics in reclaimed sites in our
study highlights their potential long-term impact on community suc-
cession (David et al., 2015). Consideration of such potential biotic ef-
fects may further our understanding of succession dynamics of re-
claimed sites. Taken together, our results provide empirical evidence
for the importance of temporal and environmental filters, as well as
potentially for biotic interactions in shaping community assembly and
recovery of severely disturbed forest ecosystems following oil and gas
disturbance and subsequent reclamation.

We recognize there are potential limitations to our inference re-
garding the temporal effect based on the assumption that reclaimed
sites had identical biotic and abiotic starting conditions. One such
limitation is the time since certification does not account for possible
passive regeneration that may have occurred prior to reclamation and
for different amounts of time that a wellsite may have been reclaimed
prior to applying for a reclamation certificate. In addition, there is
variation in how practitioners may have implemented the reclamation
criteria – for example there could be some variation in the application
of the recommended seed mixes (Alberta Energy and Natural
Resources, Forest Service, 1984). In our study, we noted a few re-
claimed sites deviated from the general pattern of successional trend
over time, either faster or slower, which may suggest such site-specific
local- or landscape factors and possibly historical contingency related to
restoration practices (Young et al., 2005). However, despite such po-
tential limitations, our findings provide strong evidence of directional
temporal change of functional composition of highly degraded lands
following reclamation. Our study has demonstrated the value of using a
trait-based approach in deciphering generalized patterns beyond dif-
ferences in species identity and geographical extent (e.g., Diaz et al.,
2004; McGill et al., 2006).

Our results contribute to a mechanistic understanding of ecological
succession following reclamation that may inform restoration/re-
clamation practices. Certain biotic and abiotic conditions inhibited the
functional recovery towards natural or other desired targets. As shown
by other studies (e.g., Zipper et al., 2011; David et al., 2015) we de-
tected persistence of early successional, exotic species and/or herbac-
eous species used for revegetation, which may inhibit the establishment
of native species from the regional species pool. In the studied region
(Alberta), reclamation criteria have already been updated to restrict the
use of exotic grasses and forbs with fast resource acquisition traits (e.g.,
abundant seed production and annuals) and instead promote the use of
natives with similar attributes for revegetation. Indeed, the current
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reclamation criteria recognize that competitive herbaceous species may
inhibit development of natural forest biota trajectory and that devel-
opment of shrubs should be encouraged (ESRD, 2013). In addition, the
persistence of undesired plants in reclaimed wellsites could be due to
enduring novel soil physico-chemical properties, notably high bulk
density and pH, which also appear to inhibit establishment of shrubs
and other late-stage successional species. Measures to alleviate soil
compaction by tilling may enhance shrubs and other late-successional
species (e.g., with extensive root lateral extension). Certainly, there is a
need to re-develop other natural attributes such as soil carbon content
and coarse woody debris on these wellsites, which could be more
complex and take a much longer time to recover (Brown et al., 2003).
Indeed, the presence of such biological legacies and seed banks are key
elements that distinguish natural disturbances from more severe soil-
modifying anthropogenic disturbances, and which play a significant
role in accelerating ecosystem recovery (Turner et al., 1998; Roberts,
2004; Hart and Chen, 2006; Dhar et al., 2018). Similarly, forestry
timber harvest and silvicultural practices often leave a significant
proportion of the biological legacies on site and retain some mature
standing trees, as in the harvested sites included in our study
(Johnstone et al., 2016). Although our study was not designed to spe-
cifically examine the post-harvest recovery, the overall similarity of
those young harvested sites with young and mature naturally disturbed
forests in our study may be linked to the forest floor and canopy cover
legacy facilitating recovery. The importance of canopy cover for re-
storation of understory vegetation is highlighted also by our finding
that linked directional change to canopy development. Overstory cover
and composition can affect nutrient availability and microclimate at-
tributes and consequently the understory community assembly and
composition (Bartemucci et al., 2005; Hart and Chen, 2006; Barbier
et al., 2008; Azeria et al., 2011). Therefore, newer reclamation criteria
that include planting or seeding trees and shrubs to enhance canopy
cover development can be an effective reclamation/restoration ap-
proach to encourage longer-term establishment of late-successional
species with associated trait syndromes (Holl, 2002; Chen et al., 2017).

Understanding the functional recovery of highly anthropogenically-
disturbed ecosystems that are degraded beyond natural disturbance
analogues is vital to evaluate how they compare with the generality of
successional dynamics findings from studies in naturally disturbed
areas, along with those that have intermediate anthropogenic dis-
turbance levels (e.g., conventional harvesting). Our study provides
empirical evidence for a directional yet slow change of functional
composition of understory plants in severely disturbed forested eco-
systems following reclamation, and identifies important trait-environ-
mental relationships driving the successional trajectory we found here.
Our findings have important implications for future restoration and
reclamation efforts as they provide a more mechanistic understanding
for what has often been observed to be a slow recovery in reclaimed
wellsites. Further studies are required to establish the generality and
relevance of these findings for improving reclamation efforts, such as by
providing guidance in selecting species with traits that best perform
under certain environmental conditions (e.g., Martínez-Garza et al.,
2013) or modifying those limiting conditions to enhance establishment
of desired species (e.g., Lohbeck et al., 2017). When the relationship
between traits and ecosystem functions can be established, such an
approach could also have important implications on measures of eco-
system function recovery and reclamation policies requirements such as
“equivalent land capability” (Alberta Environment, 2010; ESRD, 2013).
A trait-based approach may be promising to refine the assessment and
forecasting of the long-term recovery of severely disturbed land after
reclamation. It may provide a generalizable framework to compare
successional trajectories of landscapes impacted by various natural and
anthropogenic disturbance agents that leave differing levels of biolo-
gical legacies.
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